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The equation for determining cross-fault representative value is calculated based on
hanging wall and foot wall reference level surfaces. The cross-fault data reliability are
analyzed base on the stability of reference datum and observation points, thereby facili-
tating plotting of the representative value curves after removing interference. The spatial
and temporal characteristics of fault deformation abnormalities before the 2016 Menyuan
Ms6.4 earthquake, as well as the fault-movement characteristics reflected by representa-
tive value, are summarized. The results show that many site trends had changed 1e3 years
before the Menyuan Ms6.4 earthquake in the Qilian Fault, reflecting certain background
abnormalities. The short-term abnormalities centrally had appeared in the 6 months to 1
year period before the earthquake near and in the neighborhood of the source region,
demonstrating a significantly increased number of short-term abnormalities. Many sites
near and in the neighborhood of the source region had strengthened inverse activities or
had changed from positive to inverse activities in the most recent 2e3 years, which reflect
stress-field enhancements or adjustment features.
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On January 21, 2016, the Menyuan Ms6.4 earthquake
occurred in Qinghai Province, Tibet, with an epicenter at 37.68
N and 101.62 E. The earthquake was thrust near the Lenglon-
gling Fault. The earthquake was located in the deformation
monitoring area, on the northeastern margin of the Qinghai-
Tibet block, and there were more than 50 cross-fault observa-
tion sites. Most of the sites were routinely observed in March,
July, and November every year, involving the Qilian-Haiyuan-
Liupan Mountain Fault and the West Qinling area [1]. Previous
studies showed that abnormal cross-fault deformation could
be observed within a certain range of the epicenter prior to
moderate and strong earthquakes. Anomalies mainly
included accelerating, turning, kicking, stepping, etc. Cross-
fault deformation precursory anomalies had several months
to over 1 year of forecast significance [2e5]. There had been
many short-term cross fault deformation precursory
anomalies in the Qilian Fault before the MenyuanMs6.4 event.
After the earthquake, the Second Monitoring and Application
Center, China Earthquake Administration, performed
encrypted observation for seven sites near the earthquake
zone that previously had obvious abnormalities, and the
results demonstrated significant earthquake response [6].
Cross-fault deformation observation can directly reflect
the fault-motion changes at observed sites. Practical obser-
vation data are able to provide a solid basis for analyzing fault
movement and earthquake prediction. Actually, a cross-fault
deformation observation value is comprised of two compo-
nents. The first is tectonic deformation and the second is
nontectonic deformation caused by environmental factors.
Nontectonic deformation anomalies as a result of changes in
the stability of measuring points frequently lead to misjudg-
ment of earthquakes; thus, they should be excluded [7e9].
Environmental interference may affect the stability of the
points, showing inconsistent or even significantly different
cross-fault observation curves for the same site. In order to
eliminate interference and to reduce the effect of random
errors, etc., representative value of a cross-fault was esti-
mated based on the concept of hanging wall and foot wall
reference level surfaces in the present study to characterize
tectonic movement. Through study of relative elevation
curves of observation points, and of the stability of each
hanging wall and foot wall reference datum, the unstable
points or questionable observation sections were eliminated,
thereby refining characterization of fault tectonics' represen-
tative value using reliable measurement segments. There-
after, the characteristics of spatial and temporal fault
deformation abnormalities and the fault-movement charac-
teristics reflected by representative value before the Menyuan
Ms6.4 earthquake are discussed.2. Calculation of representative value of
cross-fault
Owing to the small cross-fault precincts and short obser-
vation segments (only a few hundred meters to about 1 km), a
fault can be theoretically viewed as two rigid bodies. Tectonicforce causes different movement of two fault plates, while the
relative displacement between measuring points in the same
plate are the result of nontectonic stress. Supposing that both
plates have level surfaces, the representative value is defined
as the difference between the level surfaces of two plates,
which can be calculated by averaging the heights of
measuring points in the same plate. In this case, not only are
the measuring points subject to random fluctuations caused
by environmental factors and the observational error weak-
ened, but the observational data are fully utilized as well. All
observational data on one site are plotted in a curve so as to
reflect the tectonic fault characteristics.
The calculation of representative value of cross-fault is
described below, taking four symmetrically distributed
measuring points as an example (Fig. 1a). i is the measured
point or segment number, H is the elevation of the standard
point, l is an observation segment (with the arrows
indicating the direction of observation), and Hup and Hlow
represent upper- and lower-plate standard point average
elevations, respectively. L0 is the representative value of
cross-fault, i.e., the relative activity of the lower plate to the
upper plate. The point designated 1 on the lower plate is
taken as the starting point, the elevation is H1, and the
elevations of other measuring points are, sequentially,
H2 ¼ H1 þ l1 (1)
H3 ¼ H1 þ l1 þ l2 (2)
H4 ¼ H1 þ l1 þ l2 þ l3 (3)
The average elevation of the upper and lower plates is








Then, the equation for calculating representative value of
cross-fault can be obtained for the a-type measuring-point
distribution as shown in Fig. 1:
L0 ¼ Hlow Hup ¼ 12 ðl1 þ 2l2 þ l3Þ (6)
Similarly, the representative value of cross-fault for the
rest of the measuring-point distributions shown in Fig. 1 can
be calculated as:
Type b : L0 ¼ 13 ðl1 þ 2l2 þ 3l3 þ 2l4 þ l5Þ (7)
Type c : L0 ¼ 12 ðl1 þ 2l2Þ (8)
Type d : L0 ¼ 12 ðl1 þ l2Þ (9)










The calculation of representative value of cross-fault is
simple and has clear physical meaning. The equations are
different according to site routes. There are also inherent laws
Fig. 1 e Several typical methods of cross fault observation.
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the average of thesemeasurement segments is used [equation
(9)]. When a cross-fault segment co-exists with non-cross-
fault segments, the cross-fault segment coefficient is 1,
while the non-cross-fault segment coefficient is a fraction
with the number of points in the same plate as the
denominator, and the numerator descends outwardly to 1
[equations. (7), (8), and (10)].3. Stability of cross-fault measuring points
If there are two to three measuring points on each plate,
the stability of the measuring points and reliability of the
reference datum can be evaluated. After establishing a unifiedFig. 2 e Measuring points distribution and rreference datum for points in the same plate, the changes of
measuring points relative to a reference datum were
analyzed, thereby illustrating the stability ofmeasuring points
and reliability of the reference datum. The average elevation
of measuring points in the same plate was defined as a
reference datum (i.e., the average elevation as mentioned in
preceding section). Relative elevation was the elevation of a
measuring point relative to the reference datum. Based on
relative elevation changes, the stability of measuring points
could be evaluated, thereby indicating the reliability of a
reference datum.
Fig. 2a shows themeasuring-point distribution of theMaoji
site, and Hup, Hlow is the reference datum for the upper and
lower plate, respectively. The relative elevation of each
measuring point was hi (i ¼ 1, 2, 4, 6, 7):elative elevation curve of the Maoji site.
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The relative elevation of eachmeasuring point of the Maoji
site is expressed as follows:
8>>>>>>>><
>>>>>>>>:
h7 ¼ H7 Hup ¼ 12 ðH7 H6Þ
h6 ¼ H6 Hup ¼ 12 ðH7 H6Þ
h4 ¼ H4 Hlow ¼ 13 ð2H4 H1 H2Þ
h2 ¼ H2 Hlow ¼ 13 ð2H2 H4 H1Þ
h1 ¼ H1 Hlow ¼ 13 ð2H1 H4 H2Þ
(13)
The variation of the relative elevation of each measuring
point of the Maoji site is shown in Fig. 2b. Points 6 and 7
demonstrate little change in relative elevation, within 0.5 mm
for 20 years, indicating good reliability of the reference datum
of the upper plate. Relative elevation h2 sustained positive
growth, while h1 and h4 showed negative growth, meaning
that measuring point 2 was inconsistent with points 1 and 4
in the same plate. The increase of point 2 showed weak
reliability of the lower-plate reference datum. In order to
improve the stability of the reference datum, measuring point
2 was discarded, and the relative elevation of the foot wall
reference datum and measuring point was recalculated
(Fig. 3). h1 and h4 demonstrated less than a 1-mm change in
relative elevation, and the reliability was better than the
previous reference datum. The results verify the reference
instability caused by the point 2 anomaly, which results in
relative elevation changes of the rest of the measuring points
in the same plate. The recalculated representative value
better reflect fault tectonic movement than previous values.4. Cross-fault deformation before the
Menyuan Ms6.4 earthquake
4.1. Abnormal spatial and temporal characteristics of
cross-fault
In the northeastern margin of the Qinghai-Tibet flow-
deformation monitoring zone, there were 21 cross-faultFig. 3 e Measuring-point relative elevation curve of the
Maoji site excluding point 2.anomalies before the Menyuan Ms6.4 earthquake struck on
January 21, 2016 in Qinghai Province. The spatial distribution
of anomalies is shown in Fig. 4. The anomalies were mainly in
the middle-eastern Qilian Mountain Fault, the eastern part of
the West Qinling tectonic zone, and the Liupan Mountain
Fault. There were nine abnormal sites within 300 km of the
epicenter, six anomalies within100 km, two anomalies
within 100e200 km, and one anomaly within 200e300 km.
Therefore, the anomalies were relatively concentrated in the
zone near the source. From the temporal point of view, two
anomalies appeared in 2012, two in 2013, five in 2014, and 11
in 2015. It can be observed that short-term anomalies
increased rapidly in the 6 months to 1 year period before the
earthquake.
Cross-fault anomalies observed were mainly of two types.
The first was a tendency to accelerate, turn, etc. Jiutiaoling,
36 km from the epicenter, revealed a reverse accelerating
change in November 2012. Biandukou, 84 km from the
epicenter, demonstrated a turning trend in July 2013. An
accelerating trend was found at Hexipu, 91 km from the
epicenter, in November 2015. The second type of cross-fault
anomaly observed was a sudden jump or short-term acceler-
ation. Shihuiyaokou, Hongsihu, and Jilingdong, among others,
belonged to this abnormal morphology; the observed curves
are shown in reference [6].
In conclusion, 1e3 years prior to the earthquake, there
were many sites showing a turning trend in the Qilian
Mountain Fault, which, to a certain extent reflected an
abnormal background. During the 6 months to 1 year period
prior to the earthquake, the source region showed concen-
trated short- andmedium-term anomalies. Specifically, short-
term anomalies increased significantly. After the earthquake,
anomalies at several sites weakened or recovered.4.2. Tectonic movement characteristics of hypocentral
region faults
By integrating the information from a few observational
curves at the same site, one line representing the site tectonicFig. 4 e Cross-fault abnormality distribution in
northeastern margin of the Qinghai-Tibet block before the
Menyuan Ms6.4 earthquake (November 2015).
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ference, tectonicmovement characteristics were extracted for
relatively reliable faults. Specifically, 17 cross-fault sites
within 300 km of the epicenter of the Menyuan Ms6.4 earth-
quake were analyzed by use of the above method of calcu-
lating measuring-point stability and representative value of
cross-fault. The trend line of the representative value was
obtained, and the reliability of the results is discussed.
At 2e3 years before the earthquake, most sites in the hy-
pocentral region experienced a trend of turning changes,
which might reflect an abnormal background. There were
slightly more inverse activities than positive fault activities,
indicating stress-field enhancements. During the 6 months to
1 year period before the earthquake, some sites showed short-
and medium-term anomalies with acceleration or a sudden
jump, which reflected a disturbance or an adjustment to a
regional stress field. Six typical representative-value curves of
cross-fault sites near the MenyuanMs6.0 earthquake are now
discussed.
(1) As shown in Fig. 5a, the Jiutiaoling site in the eastern
section of the Qilian Fault showed intensified positive-
activity-type hopping around the time of the 2003
Minle-Shandan Ms5.9 and before the 2008 Wenchuan
Ms8.0 earthquakes. The activity trend of the site
turned into inverse activity in 2013, and back toFig. 5 e Representative-value curve of the cross-fault near the s
representative value of cross-fault observation; black line, trendpositive activity, by 0.7 mm, 3 days after the 2016
Menyuan Ms6.4 earthquake (January 24, 2016). It
returned back, by 1.05 mm in March 2016, with a
significant earthquake response approximately 36 km
from the epicenter of the Menyuan Ms6.4 earthquake.
(2) As shown in Fig. 5b, the Nanying site in the eastern
section of the Qilian Fault manifested inverse
activities before the 1995 Yongdeng Ms5.8 and after
the 2003 Minle-Shandan Ms6.1 earthquakes, and
significant hopping before the 2008 Wenchuan Ms8.0
earthquake. The activity trend of the site turned into
inverse activity by the end of 2012, turned back to
positive, by 0.85 mm, 3 days after the 2016 Menyuan
Ms6.4 earthquake (January 24, 2016), and returned
back, by 0.67 mm, in March 2016, with a significant
earthquake response approximately 80 km from
epicenter of the Menyuan Ms6.4 earthquake.
(3) As shown in Fig. 5c, the Hexipu site in the eastern
section of the Qilian Fault showed a trend of positive
turning activities 2e3 years before the 1995 Yongdeng
Ms5.8 and 2003 Minle-Shandan Ms6.1 earthquakes,
and an inverse sudden jump during the 6 months to 1
year period before the earthquakes. 2 years before the
2016 Menyuan Ms6.4 earthquake, the activity trend at
Hexipu turned to inverse activity, which accelerated 6
months before the earthquake, with an accumulativeource region of the Menyuan Ms6.4 earthquake. Red line,
line of representative value.
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earthquake (January 25, 2016), Hexipu turned slightly
back to positive activity, by 0.2 mm. At present, the
anomalies at Hexipu have not yet resumed. Hexipu is
approximately 91 km from the epicenter of the
Menyuan Ms6.4 earthquake.
(4) As shown in Fig. 5d, the Biandukou site in the middle of
the Qilian Fault showed positive fault activity since the
first observation, but significant an inverse-type step
anomaly was observed before the 1995 Yongdeng
Ms5.8 earthquake. Positive rising activity was restored
after the earthquake. The trend at Biandukou was to
turn normal fault activity into inverse activity over the
last 2 years, which then turned back to positive
activity, by 1 mm, 6 days after the 2016 Menyuan
Ms6.4 earthquake (January 27, 2016). Biandukou is
approximately 84 km from the epicenter of the
Menyuan Ms6.4 earthquake.
(5) As shown in Fig. 5e, the Jilingdong site in the eastern
section of the Qilian Fault jumped significantly before
and after the 2008 Wenchuan Ms8.0 earthquake. The
trend of Jilingdong turned to accelerated positive fault
activity in the last 2 years, turned back to inverse
activity, by 0.8 mm, 4 days after the 2016 Menyuan
Ms6.4 earthquake (January 25, 2016), and returned
back to positive activity, by 0.74 mm, in March 2016,
with a significant earthquake response approximately
98 km from the epicenter of the Menyuan Ms6.4
earthquake.
(6) As shown in Fig. 5f, the Shihuiyaokou site located in the
middle of the Qilian Fault manifested a sudden jump or
accelerating turning anomaly before the 1995 Yongdeng
Ms5.8, 2003 Minle-Shandan Ms6.1, and 2008 Wenchuan
Ms8.0 earthquakes. The trend of Shihuiyaokou turned
basically flat after 2003 Minle-Shandan Ms6.1
earthquake, turned to positive activity in the last 2
years, and showed a sudden jump 1 year before the
2016 Menyuan Ms6.4 earthquake. Shihuiyaokou is
approximately 85 km from the epicenter of the
Menyuan Ms6.4 earthquake.Table 1 e Relative elevation range of 17 sites within 300 km of
No. Site Lon. () Lat. () Data period
1 Jiutiaoling 102.00 37.81 1988.05e2016.03
2 Nanying 102.53 37.79 1988.05e2016.03
3 Biandukou 100.94 38.21 1987.06e2016.03
4 Shihuiyaokou 100.93 38.22 1988.09e2016.03
5 Hexipu 102.13 38.40 1989.03e2016.03
6 Jilingdong 101.79 38.55 1999.07e2016.03
7 Huashikoujing 102.30 38.38 1999.03e2016.03
8 Baituzhuang 102.95 37.39 1998.08e2016.03
9 Wuqiaoling 102.87 37.20 2002.07e2016.03
10 Dakouzi 102.70 38.40 1989.03e2016.03
11 Hongsihu 101.10 38.89 2000.11e2016.03
12 Songshan 103.45 37.15 1998.07e2016.03
13 Santang 104.05 37.07 1998.07e2016.03
14 Xichahe 99.39 39.00 1988.09e2016.03
15 Wozitan 104.57 36.89 1982.05e2016.03
16 Shuiquan 104.64 36.86 1981.06e2016.03
17 Dayingshui 104.75 36.89 1981.06e2016.034.3. Stability of cross-fault measuring points
Measuring-point stability, as reflected by relative elevation
of the measuring points, determines the reference datum
reliability, which is the key to extracting fault tectonic defor-
mation data. Data reliability was analyzed for 17 cross-fault
sites within 300 km of the epicenter of the Menyuan Ms6.4
earthquake. In the analysis, the impact of a single unstable
point was removed, and the few cross-fault site laying con-
ditions were verified. A total of 14 sites turned out to be suit-
able for the calculation. The relative elevation of each
measuring point is calculated, as well as the range of variation
(Table 1). The results show that the ranges of variation in
relative elevation were less than ±2 mm for 10 sites,
indicating good measuring-point stability and a reliable
reference datum. For the Dakouzi and Shuiquan sites, the
relative elevation ranges were [2.05, 2.05] and [2.75, 2.75],
respectively, suggesting reasonable stability. The measuring-
point stability of the Baituzhuang and Santang sites was
poor. Measuring-point stability of abnormal sites within
300 km of the epicenter of the Menyuan Ms6.4 earthquake as
listed in section 4.1 was good, and the anomalies are
credible. Measuring-point stability of abnormal sites within
100 km of the epicenter of the Menyuan Ms6.4 earthquake as
shown in section 4.2 was good and the reference datum was
stable. The data and fault tectonic activity were true and
reliable.5. Conclusions
(1) Cross-fault observations showed that there were
various sites that exhibited a turning 1e3 years before
the 2016 Menyuan Ms6.4 earthquake, reflecting certain
background abnormalities. The medium- and short-
term anomalies were relatively concentrated near the
source region and its neighborhood during the 6months
to 1 year period before the earthquake. The number of
short-term anomalies showed a trend of significant
increase.the epicenter of the Menyuan Ms6.4 earthquake.
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on the reference level surface of two faults can char-
acterize fault tectonic activity. The interference of a
single unstable point could be eliminated, thereby
reducing the impact of random errors, etc., by analyzing
the stability of measuring points and the reliability of
the reference datum. The method of representative
value of cross-fault and reliability of the reference
datum was of great significance in extracting charac-
teristics of fault deformation.
(3) Most of the 17 cross-fault sites had good stability and
reliable data within 300 km of the epicenter of the
Menyuan Ms6.4 earthquake. The source region and its
neighborhood, in the last 2e3 years, showed strength-
ened inverse activities or a trend of turning positive
activity to reverse activity, whichmay reflect changes in
the stress-field feature enhancements or adjustments.
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